Abstract. The endometrium goes through a unique cycle of physiological angiogenesis during the normal menstrual cycle (MC). We studied whether there is a correlation between endothelial progenitor cells (EPCs) and plasma and endometrial levels of angiogenic growth factors during the MC. Ten healthy, regularly menstruating women provided blood samples and another 16 supplied endometrial biopsies. Blood samples were obtained over a single MC: twice in the proliferative and once in the secretory phase and at ovulation. Endometrial biopsies were provided in the proliferative or in the secretory phase. We assessed plasma levels of vascular endothelial and fibroblast growth factors, granulocyte and granulocyte-macrophage colony-stimulating factors and stromal cell-derived factor-1 (SDF-1) by ELISA; EPCs by a colony-forming unit (CFU) assay; immunostaining for endometrial SDF-1 by computer-assisted software; and endothelial cell (EC) markers by flow cytometry. In the proliferative phase, SDF-1 levels were significantly higher than during the secretory phase. EPC-CFUs correlated negatively to SDF-1 levels. Endometrial SDF-1 expression tended to be higher in the secretory than in the proliferative phase. Furthermore, vascular endothelial growth factor receptors and Tie-2 EPCs showed a cyclic pattern over the MC. Our results point to SDF-1 as a novel mediator of EPC trafficking during the MC.
Introduction
The endometrium is a remarkable example of controlled tissue remodeling, unparalleled in other organs. A prerequisite to menstruation is the breakdown of both blood vessels and of the surface epithelium. Repair of the endometrium begins as early as 36 h after the onset of menstruation. Within 5-6 days, the old lining is removed and a new one regenerates without scarring (1) .
The endometrium has a well-developed vasculature. Angiogenesis is an essential component of the regeneration of the endometrium. Based on animal and in vitro studies, angiogenesis is believed to occur in three ways. The first is by sprouting, migration and tube formation of endothelial cells (ECs) in existing vessels, to form new vessels. The second is by intussusceptions, the insertion of connective tissue strands in the lumen of existing vessels, dividing them into more lumina (2) . The third is the import of endothelial progenitor cells (EPCs) from the bone marrow, to cover the surface of new vessels (3) . In a previous study, we showed that blood vessels in the endometrium develop from EPCs derived from the bone marrow: we found 14% donor-derived cells in endometrial blood vessels of a human leukocyte antigen (HLA)-mismatched, bone marrow-transplanted woman (4) . Recently, Robb et al confirmed that EPCs are present in the endometrium and that the number of these cells varies during the menstrual cycle (MC) (5) .
EPCs are a subtype of bone marrow-derived progenitor cells (6) that can enter the peripheral circulation, differentiate into mature ECs, and participate in endothelial repair (7) . Currently, EPCs are phenotypically defined as a triplepositive cell population expressing CD133 + /CD34 + /VEGFR-2 + (vascular endothelial growth factor receptor-2) surface markers (8) . However, the exact role of this population is still debated (9) . The in vitro function and clonogenic capacity of these EPCs have been evaluated using colony-forming unit (CFU) assays (10) , which are used as a biological marker for vascular diseases. However, these colonies also contain myeloid cells (9), which will not be able to differentiate into a functioning endothelial monolayer. In addition to EPCs in the circulation, mature ECs or/and inflammatory ECs (IECs), having detached from the vessel walls, may be found in the blood as a result of vascular injury (11, 12) . The aim of the present study was to investigate the variation in the numbers of EPCs and EPC colonies during the MC and their correlation with the blood levels of some angiogenesis growth factors. These include the vascular endothelial growth factor (VEGF A 165 ) and the basic fibroblast growth factor (FGF). In addition, we studied the granulocyte and granulocyte macrophage colony-stimulating factors (Gand GM-CSF), which are involved in the release of myeloid progenitor cells from the bone marrow and can accelerate neovascularization (13, 14) . Finally, we assessed a pivotal factor for release and homing of bone marrow-derived cells, including myeloid progenitors and EPCs, namely the stromal cell-derived factor-1 (SDF-1) (15, 16) .
Material and methods
Subjects. Blood samples were collected from 10 normal, healthy, ovulating women (mean age 33±6 years). All women had a regular MC of 25-32 days. None of the women had used hormonal or intrauterine contraception for at least 3 months prior to the study.
The MC stage was based on the date of last menstruation and the analysis of estradiol and progesterone. Participants identified the day of the ovulation (luteal hormone surge) by testing their morning urine.
Blood samples were collected in the early proliferative phase (days 1-2), mid-proliferative phase (day 5), at the time of ovulation (day 14) and in the secretory phase (days [22] [23] [24] . The blood was used for isolation of peripheral blood mononuclear cells (PBMCs) and culturing of EPCs. Ethylenediamine-tetra-acetic acid plasma samples (obtained by centrifugation at 1,000 x g), collected at the same time points as mentioned above, were frozen at -70˚C until analysis.
Endometrial biopsies were obtained from an additional set of 16 healthy women using a thin plastic catheter for endometrium samples (Pipelle Laboratoire CCD, Paris, France). Nine women were in the proliferative phase and seven were in the secretory phase. Details as to the subjects and procedures have been given (17, 18) .
Approval for these studies was obtained from the Karolinska University Hospital institutional review board. Informed consent was provided in accordance with the Declaration of Helsinki.
EPC colony assay.
To study the functional capacity of EPCs during menstrual angiogenesis, we performed the EPC colony assay. A two-step colony-forming assay was performed to detect the number of EPC colonies, as described by Hill et al (10) . Briefly, PBMCs, isolated at the different time points mentioned, were cultured on fibronectin (20 μg/ml)-coated tissue culture 6-well plates (5x10 6 cells/well), in endothelialselective medium (EndoCult; Stemcell Technologies Inc., Vancouver, BC, Canada) in an incubator (37˚C, 95% humidity, 5% CO 2 ). On day 2, the non-adherent cells were collected and plated in another fibronectin-coated plate. The number of colonies formed from the different wells was counted at day 5 after culturing.
Levels of angiogenic growth factors during angiogenesis.
Plasma samples were assayed for VEGF, G-CSF, GM-CSF, FGF, and SDF-1 levels by means of an enzyme-linked immunosorbent assay (ELISA; R&D Systems, Minneapolis, MN, USA), according to the manufacturer's instructions. Recombinant human VEGF, G-CSF, GM-CSF, FGF, or SDF-1 were used as standards. Determinations for each growth factor were made in a single plate and read by a kinetic microplate reader (VMax). The intra-assay CV range was 3-9%.
Immunohistochemistry. Endometrium sections were stained with a rabbit anti-human SDF-1 antibody (2 μg/ml Abcam, Cambridge, MA, USA) in blocking buffer for 1 h at room temperature. Immunolabeling was performed using the Alexa Fluor 488 goat anti-rabbit anitbody (5 μg/ml; Invitrogen, Stockholm, Sweden). The stained cells were embedded in diamidino-2-phenylindole (DAPI) mounting medium and analyzed by fluorescence microscopy. Histopathological examinations were made by an independent pathologist.
Areas with intense SDF-1 staining ('hot spots') were counted at a x40 magnification on photographs taken by an LCD camera (Olympus, Japan) connected to a microscope. Between one and three photographs/subject of the positive areas were taken and analyzed blindly by an image analysis program according to preset criteria regarding the size and developed color (Micro Imaging, Olympus). For each subject, the mean of two to three positive areas is given in μm 2 .
Flow cytometry. We were interested in finding out which cell types in the circulation may correlate with endometrium formation. For this purpose, PBMCs were phenotyped with an array of antibodies to specific markers expressed in EPCs (VEGFR-2, VEGFR-1, Tie-2, CD133, CD146, and CD34), mature ECs (CD144, CD141 and CD31), as well as IECs [vascular adhesion protein-1 (VAP-1), CD142, heparan sulphate proteoglycan (HSP), and plasminogen activator inhibitor-1 (PAI-1)]. Antibodies were purchased as follows: anti-VEGFR-2 (RELIATech, Mascheroder, Germany); anti-VEGFR-1 (R&D Systems); anti-CD133 (Miltenyi Biotec, GmbH, Bergisch, Germany); anti-VAP-1 (Serotec, Düsseldorf, Germany); anti-CD141, anti-PAI-1 and anti-HSP (Biogenesis Ltd., Poole, UK). All other antibodies (Tie-2, CD146, CD34, CD144, CD31 and CD142) were purchased from Becton-Dickinson (San Jose, CA, USA). Corresponding control isotypes were used for evaluation of non-specific binding of monoclonal antibodies. The cells were analyzed on a Becton-Dickinson fluorescence-activated flow cytometer (FACSorter).
Statistical analysis. The Friedman non-parametric test was used to test for significant differences in repeated estimates. The non-parametric Wilcoxon matched-pairs test was used to compare levels of growth factors and the number of colonies at the different time points. For the statistical correlations between the growth factors and the number of colonies, the Spearman's test was used. Statistical analysis was performed with the SPSS 17 software package (SPSS Inc., Chicago, IL, USA). Results were considered significant at p<0.05. Data for number of EPC colonies, and angiogenic growth factors are presented as medians and interquartile ranges (IQR).
Results

EPC-CFUs.
We found that the number of EPC-CFUs showed a large scatter at ovulation, with a median of two CFUs. During the secretory phase, the distribution was more homogeneous, with a tendency of increased numbers of CFUs (15 colonies). However, this difference was not statistically significant (Fig. 1A) .
Plasma levels of angiogenic growth factors.
Of the angiogenic growth factors tested, the levels of the chemokine SDF-1 significantly varied during the MC (p=0.03) (Fig. 1B) . SDF-1 plasma levels increased from the early proliferative phase (median, 9749 pg/ml, IQR, 8862-10100 pg/ml), reaching the highest level at the mid-proliferative phase of the MC (median, 10500 pg/ml, IQR, 9151-10900 pg/ml; p=0.03), whereafter there was a decrease at ovulation (day 14), reaching the lowest level in the secretory phase (median, 8,930 pg/ml, IQR, 8152-9943 pg/ml). The growth factor FGF showed a statistically non-significant pattern (p=0.08) similar to SDF-1, i.e., a decrease from the mid-proliferative phase (median 64 pg/ml, IQR, 20-75 pg/ml) to the secretory phase (median, 21 pg/ml, IQR, 6-48 pg/ml) of the MC (Fig. 1C) .
The levels of systemic VEGF in this study were not significantly different at the different time points studied during the MC (Fig. 1C) . In addition, we found no detectable levels of GM-CSF or G-CSF. Fig. 1D , SDF-1 levels correlated significantly and negatively with EPC-CFU formation (r=-0.55; p=0.01). SDF-1 levels were higher during the mid-proliferative phase of the MC than during the secretory phase (p=0.03), while an opposite tendency was found for EPC-CFUs (p=0.53) ( Table I) .
Correlation of SDF-1 levels and EPC-CFUs. As shown in
Staining of SDF-1 in the endometrial sections.
As SDF-1 levels in the circulating blood varied during the MC, we studied the local expression of this chemokine in the endometrium. SDF-1-positive hot spot areas were found in 5/9 and 3/7 of the specimens from the proliferative and secretory phases, respectively. There was a tendency of increased levels of SDF-1 in the secretory phase compared to the proliferative phase (p=0.05) ( Fig. 2A ; Table I ).
Circulating EPCs and ECs during the MC.
The VEGFR-1-and VEGFR-2-positive EPCs in the circulation showed a tendency to increase (from 2.03% to 3.01%; p=0.33 and from 2.49% to 4.07%; p=0.82, respectively) over the MC, starting from the early proliferative phase, while Tie-2-positive EPCs showed a tendency to decrease (from 0.48% to 0.08%; p=0.67) (Fig. 3A) . We found that the number of CD34 + cells were negatively correlated to the SDF-1 level in the circulation (r=-0.549; p=0.01). However, the number of CD34 + cells did not vary during the MC (Fig. 3A) .
Mature CD31 ECs and inflammatory PAI-1 ECs showed a decreasing pattern during the MC (from 24.16% to 9.3%; p=0.16 and from 0.54% to 0.22%; p=0.78, respectively) ( Fig. 3B and C) .
Discussion
This is, to our knowledge, the first study to show variations in plasma and endometrial concentrations of SDF-1 during the MC. Moreover, we found a highly significant inverse correlation between plasma SDF-1 levels and EPC-CFUs.
Recent studies have identified SDF-1 as a local factor regulating hematopoietic stem and progenitor cell function. SDF-1, binding to its cognate receptor CXCR4, regulates stem-cell homing and differentiation (19) . This cytokine is also crucial for mobilization of stem cells from the bone marrow to the peripheral circulation and subsequent engraftment into diseased tissues (20) . Our finding that SDF-1 showed significantly higher plasma levels during the proliferative phase and a negative correlation with EPC-CFUs suggests an important role for SDF-1 in homing of EPCs to the sites of neovascularization, in this case the endometrium.
In addition, our results support the novel role of SDF-1 during MC since it is negatively correlated to the percentage of CD34 + cells. This finding is supported by Sengenes et al (21) , who found that SDF-1 induces the differentiation of CD34 + cells toward an EC phenotype. Furthermore, we investigated the local expression of SDF-1 in endometrial biopsies, and found that the endometrial level of SDF-1 was highest in the secretory phase, while circulating SDF-1 levels were highest during the proliferative phase. This indicates that the endometrial expression of SDF-1 may facilitate homing of circulating EPCs.
Recent studies indicate that the interplay between SDF-1, present in the endothelium, and EPC adhesion molecules is the main driving force behind the EPC recruitment process in vivo (20, 22) . SDF-1 is believed to activate EPC integrins involved in the extravasation process. Yamaguchi et al (19) showed that local SDF-1 administration induces the accumulation of transplanted EPCs at ischemia sites and enhances neovascularization after EPC transplantation.
Previously, studies investigating the influence of the MC on the regulation of EPCs showed contradictory results. Robb et al, using quantification of EPCs by flow cytometry for analysis of CD133 + , CD34 + , and VEGFR-2 + (KDR + ), showed that the number of EPCs was higher in the proliferative phase compared with the periovulatory phase, while the number of EPCs using the EPC-CFU assay did not vary over the MC (5) . By contrast, Matsubara et al (23) found that EPCs were increased in the secretory phase; this is in agreement with the present study, which showed a larger scatter of EPC-CFUs at ovulation, with a tendency towards increased numbers of CFUs during the secretory phase (p=0.40).
In this study, we did not perform quantification of EPCs by flow cytometry using CD133 + , CD34 + , and VEGFR-2 + . The in vitro function and clonogenic capacity of these EPCs have been evaluated elsewhere using CFU assays (10) . However, it is not clear whether cells quantified by flow cytometry (i.e., by phenotype) and the cells forming the EPC-CFUs are the same populations, since the latter method may also select a subpopulation of myeloid cells (9) . We reasoned that if EPC-CFU represents the frequency/functionality of EPCs, then the formation of the EPC-CFU would be affected by the systemic variation of angiogenesis growth factors and EPC-mobilizing and homing factors. In contrast to a previous study by Agrawal et al (24) , but in agreement with Farha et al (25) and Gargett et al (26) , the changes in VEGF in our study were not significantly different at the different time points studied. In fact, no clear cyclic pattern of VEGF or VEGFRs has been demonstrated during the MC (27, 28) .
Granulocyte CSF and GM-CSF, which also release endothelial and myeloid precursors from the bone marrow (widely used to harvest myeloid cells for transplantation purposes), were not measurable here. This suggests, on the one hand, that there was no significant inflammatory reaction and, on the other hand, that these factors are not involved in EPC mobilization during the MC. This is in disagreement with the study of Cho et al (29) who, using another model with intravascular radiation therapy, found that GM-CSF treatment mobilizes EPCs and accelerates re-endothelialization.
To conclude, in this clinical study based on correlative data, our results suggest that during the proliferative MC phase, the endometrium prepares for recruiting new ECs to cover the new blood vessels (which may be generated by means of sprouting and intussusception). This fairly late recruitment may be accomplished by means of higher SDF-1 plasma levels. The origin of this SDF-1 is not known, but it may be speculated to originate from the endothelium. Subsequently, these EPCs are mobilized and home to the endometrium by means of higher tissue SDF-1 levels. However, we cannot exclude different scenarios including, for example, the possibility that low blood EPC levels during the proliferative phase are due to intensive trafficking of EPCs from the bone marrow, with a high uptake in the endometrium. Nonetheless, plasma and tissue levels of SDF-1 may be a novel functional marker of endometrial angiogenesis. Furthermore, using the MC as an angiogenic model, these issues can yield new insights into the mechanisms for the intense angiogenesis of the fertile endometrium. Moreover, Table I . Principal cyclic variation of circulating and endometrial stromal cell-derived factor-1 (SDF-1) and circulating endothelial progenitor cell colony-forming units (EPC-CFUs).
-------------------------------------------------
Menstrual phases --------------------------Proliferative Secretory  ---------------------------------------------- --Circulating SDF-1 + -Endometrial SDF-1 -+ EPC-CFUs -+ -------------------------------------------------our results provide an opportunity to identify conditions signified by abnormal angiogenesis, such as endometriosis, heavy uterine bleeding, and cancer. However, our results need to be further explored in a mechanistic experimental study.
